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ABSTRACT

We present the rational synthesis of colloidal copper(l) sulfide nanocrystals and demonstrate their application as an active light absorbing
component in combination with CdS nanorods to make a solution-processed solar cell with 1.6% power conversion efficiency on both conventional
glass substrates and flexible plastic substrates with stability over a 4 month testing period.

Semiconductor nanostructures are promising building blocks
for future-generation photovoltaic devices, such as dye-
sensitized solar cells,'” all-inorganic nanoparticle solar
cells,*® and hybrid nanocrystal—polymer composite solar
cells.”"'% All of these could offer processing, scale, and cost
advantages when compared with conventional single crystal
and thin film solar cells. One of the most challenging aspects
in this area is to find a semiconductor material with a suitable
band gap, near 1 eV for a conventional, single-gap device,
which can be made in nanostructured form, using earth-
abundant elements, and of environmentally benign composi-
tion. Here, we explore a candidate material satisfying these
requirements: copper(l) sulfide, Cu,S. Cu,S is an indirect
gap semiconductor with a bulk bandgap of 1.21 eV." Its
use in combination with CdS as a solar cell material was
extensively investigated between the 1960s and 1980s.'%!7
In thin film studies, Cu,S/CdS solar cells did show significant
promise, but copper diffusion into and doping of the CdS
layer led to long-term performance degradation and ulti-
mately abandonment of this system. With the advent of
nanocrystal-based approaches which can use much milder
processing conditions, and in which diffusion and doping
issues take on entirely new character, it is well worthwhile
to re-examine this material combination. CdS nanocrystals
are of course widely available and can be synthesized with
exquisite control over size, shape, and new processing
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approaches.'®20 In contrast, there are only a few reports of
Cu,S nanocrystal synthesis.?!=23

Our synthesis of colloidal Cu,S nanocrystals involves an
injection reaction between copper(Il) acetylacetonate and
ammonium diethyldithiocarbamate in a mixed solvent of
dodecanethiol and oleic acid.** X-ray diffraction (XRD)
studies (Figure 1a) show the materials prepared in this way
are hexagonal chalcocite Cu,S (JCPDS 026—1116, Figure
la, red lines). Low-resolution transmission electron micros-
copy (TEM) studies (Figure 1b) show nanocrystals with an
average size of 5.4 £ 0.4 nm. High-resolution TEM studies
(upper inset, Figure 1b) confirm that the observed nano-
crystals are Cu,S and show several important features. First,
the TEM data demonstrate clearly that the Cu,S nanocrystals
are single crystal structures. Second, these Cu,S nanocrystals
have a well-defined hexagonal-faceted structure (dashed line,
upper inset, Figure 1b). Third, the reciprocal lattice peaks,
which were obtained from two-dimensional Fourier trans-
forms (2DFT) of the lattice-resolved image (low inset, Figure
1b) can be indexed to the hexagonal structure of Cu,S with
the zone axes along the [12 1 3] direction.

The optical properties of the Cu,S nanocrystals have been
studied by UV —visible (UV—vis) absorption spectroscopy
and photoluminescence (PL) to further assess their quality.
A representative UV —vis spectrum? (Figure 1¢) of the Cu,S
nanocrystals shows a wide absorption up to approximately
1000 nm. Lastly, PL studies? (inset, Figure 1c) show a single
peak centered at 1.32 eV, which is similar with reported bulk
value of 1.21 eV,!! with a full-width at half-maximum
(fwhm) of 0.17 eV.
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Figure 1. Structural characterization of Cu,S nanocrystals. (a) XRD
diffraction pattern of Cu,S nanocrystals, which can be indexed to
hexagonal Cu,S (JCPDS 026—1116, red lines). (b) TEM image of
Cu,S nanocrystals with an average diameter of ca. 5.4 nm. The
scale bar is 10 nm. Upper inset, high magnification TEM image of
Cu,S nanocrystal shows single crystal hexagonal faceted structure.
The scale bar is 1 nm. Lower inset, 2DFT of the image showing
the [1213] zone axis of Cu,S. (c) UV—vis. absorption spectrum of
Cu,S nanocrystals shows a wide absorption up to ca. 1000 nm.
Inset, PL spectrum shows a single peak centered at 1.32 eV.

The single crystal Cu,S nanocrystals have potential photo-
voltaic application, and we have explored this possibility.
We prepared solar cell devices through a low temperature
(=150 °C) solution process? in which the critical hetero-
junction is formed between a layer of spin-cast Cu,S
nanocrystals and a layer of spin-cast CdS nanorods (Figure
2a). The thickness of the Cu,S nanocrystal layer and the CdS
nanorod layer are measured to be around 300 and 100 nm,
respectively, with total film surface roughness to be less than
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4 nm (inset, Figure 2b) and an average optical density of
1.1.

Representative current density (J)—voltage (V) character-
istics recorded on the as-made photovoltaic device show
typical rectification behavior under zero illumination (black
curve, Figure 3a). Under a standard illumination (irradiance
100 mW/cm?, temperature 25 °C, AM = 1.5 G),? the device
shows an open circuit voltage (Vo) of 0.6 V and a short
circuit current density (Ji.) of 5.63 mA/cm? (red curve, Figure
3a), corresponding to a power conversion efficiency (1) of
1.6% with a fill factor (FF) of 0.474. Spectral response
measurements”’ (Figure 3b) show external quantum efficien-
cies (EQE) approaching 40% in the device. Integration of
the obtained external quantum efficiency data with the true
AMI1.5G solar emission spectrum matches well with the
short-circuit currents obtained under simulated AM1.5G
illumination (Figure 3a).

Analysis of these results highlights some important points.
First, Vi for our Cu,S-CdS nanocrystal-based solar cell is
better than the best values, 0.54 V,'2 reported for the
conventional Cu,S-CdS thin film solar cells that were widely
studied between the 1960s and the 1980s.!>"!7 This may be
due to the planar junction between Cu,S and CdS generated
during sequential spin coating (total roughness ~4 nm),
avoiding the textured junction generated in the “wet” (dipping
CdS into CuCl aqueous solution) or “dry” process (formation
of Cu,S by evaporating CuCl on CdS followed by anneal-
ing).' Furthermore, the performance of the devices is
reproducibly achieved without large energy input for high
temperature annealing or sintering, which gives our devices
a distinct advantage over previous all-inorganic nanocrystal
photovoltaic devices.*

Two unusual features which were well-studied in the thin
film CdS-Cu,S solar cells are also observed in the system
we have prepared. First, the I—V curves measured in the
light and dark intersect (Figure 3a). Such behavior was also
observed in annealed CdS-Cu,S thin film cells and labeled
as the cross-over effect.!*!®!” The second unusual effect is
that the action spectrum for the solar cells shows a threshold
energy that is greater than the band gap of the Cu,S. There
is no photocurrent generated for photons to the red of 700
nm, even though the Cu,S continues to absorb as far red as
800 nm, and the band offsets of the native components are
such that all photogenerated electrons should flow readily
to the CdS, and holes to the Cu,S.

Both effects can be traced to the development of an
energetic barrier for electrons in an interfacial zone between
the Cu,S and the CdS layers.!*!> This spike or barrier in the
electron potential arises when Cu ions diffuse a short way
into the CdS layer. Photogenerated electrons must have
enough energy to overcome this barrier. Further, the cross-
over effect in the /—V curve arises again because photo-
excited electrons with sufficient energy can overcome this
barrier.

The photovoltaic parameters have also been determined
as a function of illumination intensity (I). The experimental
data (black dots, Figure 3c) show a near-linear relationship
(red curve, Figure 3c) between the light intensity and the
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Figure 2. Fabrication and characterization of Cu,S-CdS nanocrystals photovoltaic devices. (a) Scheme of Cu,S-CdS nanocrystals photovoltaic
device fabrication. (1) Solution-phase synthesizes of Cu,S nanocrystals and CdS nanorods. (2) Cu,S nanocrystals and CdS nanorods are
cleaned to make stock solutions for photovoltaic device fabrication. Inset, TEM image of CdS nanorods. The scale bar is 50 nm. (3)
PEDOT:PSS, Cu,S nanocrystals, and CdS nanorods are sequentially spin-cast onto ITO-coated glass substrates. (4) Al electrodes are thermally
evaporated onto the substrates under high vacuum and electrical measurements are performed. Inset, photography of the Cu,S-CdS nanocrystals
photovoltaic device. (b) UV—vis spectra of ITO-coated glass substrate (black curve), ITO substrate with PEDOT:PSS layer (red curve),
ITO substrate with PEDOT:PSS and Cu,S layers (green curve), and final device (ITO substrate with PEDOT:PSS, Cu,S, and CdS layers,
blue curve). Inset, AFM image of the final device shows an overall roughness less than 4 nm.
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Figure 3. Electrical measurements of Cu,S-CdS nanocrystals photovoltaic devices. (a) Current density—voltage characteristics of the
photovoltaic device under zero illumination (black curve) and standard illumination (red curve, irradiance 100 mW/cm?, temperature 25 °C,
AM = 1.5 G) showing a power conversion efficiency of 1.600%. Inset, band alignment of Cu,S-CdS. (b) Spectral response measurement
showing the external quantum efficiencies approaching 40%. (c) Short circuit current density Jy vs illumination intensity / (black dots)
shows a near-linear relationship to a (red curve, Ji. [l I", with n = 0.97). (d) Life time measurement over 120 days shows no significant

degradation in efficiency.

short circuit current density: Ji. O I", with n = 0.97. The
near-linear relationship implies only minor charge-carrier
recombination is occurring in these photovoltaic devices.?®
Furthermore, during a 4 months measurement period, an
encapsulated device shows a nearly constant performance
(Figure 3d). This is in contrast to other thin film studies
which typically showed degradation in shorter time intervals,
due to facile Cu diffusion. It may be that, in our devices,
there is a network of necked nanocrystals, and the diffusion
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of copper through this network is retarded compared with
the diffusion in conventional thin films. There is some
evidence that a fraction of the dodecanethiol capping ligands
survive the film deposition steps (unpublished result),
potentially passivating some trap sites and also serving as
barrier layers to retard ion diffusion.?

Lastly, the ability to fabricate functional nanocrystal solar
cells through a simple low temperature solution process
suggests the possibility of transferring this technique onto
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Figure 4. Cu,S-CdS nanocrystals photovoltaic devices on plastic
substrate. Current density—voltage characteristics of the photo-
voltaic device under zero illumination (black curve) and standard
illumination when flat (red curve, 1.604% power conversion
efficiency) and released to flat after bent to a curvature of 105°
(green curve, 1.472% power conversion efficiency). The decrease
in efficiency due to the bending is small (~8%) given the large
stress on the device during the bending and clearly shows the robust
nature of our nanocrystal/plastic solar cells. Inset, photograph of
the Cu,S-CdS nanocrystals plastic solar cell.

plastic substrates, which could offer many attractive proper-
ties including flexibility, lightweight, shock resistance, soft-
ness, and transparency.’*3? As a demonstration, we fabricated
Cu,S-CdS solar cells on an ITO-coated plastic substrate?
(upper inset, Figure 4). The device shows a similar perfor-
mance to the ones fabricated on the conventional ITO glass
substrate (red curve, Figure 4. V. = 0.574 V, J,. = 5.625
mA/cm?, FF = 0.494, 5 = 1.604%). In addition, we have
investigated the behavior of the nanocrystal solar cell device
on the plastic substrate after bending. A comparison of
performance recorded when the device was originally flat
(red curve, Figure 4) versus released to flat after bent to a
curvature of 105° (green curve, Figure 4) shows that there
is only a small change after the bending. There is a slight
decrease in open circuit voltage (Vo = 0.552 V) and a slight
increase in short circuit current (J, = 6.050 mA/cm?) for
the device after the bending, corresponding to an overall
decrease of power efficiency to 1.472%. This change is small
(~8%) given the large stress on the device during the bending
and clearly shows the robust nature of our nanocrystal/plastic
solar cells and the potential as the power source for flexible
hand-held consumer electronics.

In summary, our studies show that narrow size distribution
single crystal Cu,S nanocrystals can be synthesized in a
solution-phase reaction. The incorporation of the Cu,S
nanocrystals into photovoltaic devices yields a power
conversion efficiency exceeding 1.6%. Furthermore, the low
temperature solution-phase process used to fabricate these
nanocrystal solar cell devices opens up the possibility of a
promising technique for low-cost power conversion on plastic
substrates for future flexible electronics. While the CdS in
our device does pose toxicological concerns, Cu,S, in
principle, can be paired with other earth abundant and
nontoxic semiconductors to form new sets of photovoltaic
materials, which makes the present work a necessary and
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important intermediate step toward the discovery of these
potential systems.
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day, allowing for comprehensive ligand exchange, followed by
precipitated out using appropriate amount of hexane. The Cu,S
nanocrystals and the CdS nanorods are then dissolved separately into
appropriate amounts of chloroform (CHCl3) and then passed through
a 0.4 um Teflon filter to make stock solutions for photovoltaic device
fabrication.

UV—vis absorption spectrum is recorded from Cu,S nanocrystals
dispersed in chloroform at room temperature. Photoluminescence
spectrum is obtained from Cu,S nanocrystals dispersed in tetra-
chloroethylene at room temperature using both CCD and InGaAs
detectors.

Glass substrates coated with 150 nm ITO (Thin Film Devices Inc.,
resistivity 20 ohms/sq) are cleaned by ultrasonication for ca. 30 min
in an even mixture of acetone and isopropanol and then deionized
water, respectively. The substrates are then dried under a stream of
nitrogen followed by oxygen plasma cleaning for 15 min at 0.2 torr.
A filtered dispersion of PEDOT:PSS in water (Baytron-PH) was
immediately spin-cast at 4000 rpm for 1 min and then baked for 30
min at 120 °C. After cooling down, nanocrystal films are spin-cast at
600 rpm onto the substrates. To create bilayer structures, CusS films
are spin-cast first and then heated for 10 min at 150 °C to remove
excess solvent and allow for spin-casting of the second films of CdS.
Then, the substrates are annealed again for 5~10 min at 150 °C. After
that, the substrates are held at ca. 1077 torr for up to 12 h, after which
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(29)
(30)
(3D

(32)

200 nm of top aluminum (Al) electrodes are deposited by thermal
evaporation through a shadow mask, resulting in individual devices
with 0.04 ¢cm? nominal areas. After evaporation, a rapid thermal
annealing is performed on the devices at 150 °C for 30~60 seconds.
The procedure of fabricating photovoltaic device on plastic substrate
is same as above except ITO-coated plastic substrates (OC50, CP
Films) are used to replace the regular ITO-coated glass substrates.
Accordingly, the oxygen plasma cleaning time is reduced to 3.5 min.
Simulated AM1.5G illumination is obtained with a Spectra Physics
Oriel 300W Solar Simulator with AM1.5G filter set. The integrated
intensity is set to 100 mW/cm? using a thermopile radiant power meter
(Spectra Physics Oriel, model 70260) with fused silica window, and
verified with a Hamamatsu S1787—04 diode. Intensity is controlled
to be constant throughout measurements with a digital exposure
controller (Spectra Physics Oriel, model 68950).
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